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Summary
Hedgehog (Hh) proteins govern animal development
by regulating the Gli/Ci family of transcription factors.
In Drosophila, Hh signaling blocks proteolytic pro-
cessing of full-length Ci to generate a truncated re-
pressor form. Ci processing requires sequential phos-
phorylation by PKA, GSK3, and a casein kinase I (CKI)
family member(s). Here we show that Double-time
(DBT)/CKIe and CKIa act in conjunction to promote
Ci processing. CKI phosphorylates Ci at three clusters
of serine residues primed by PKA and GSK3 phos-
phorylation. CKI phosphorylation of Ci confers bind-
ing to the F-box protein Slimb/b-TRCP, the substrate
recognition component of the SCFSlimb/b-TRCP ubiqui-
tin ligase required for Ci processing. CKI phosphoryla-
tion sites act cooperatively to promote Ci processing
in vivo. Substitution of Ci phosphorylation clusters
with a canonical Slimb/b-TRCP recognition motif in
b-catenin renders Slimb/b-TRCP binding and Ci pro-
cessing independent of CKI. We propose that phos-
phorylation of Ci by CKI creates multiple Slimb/b-
TRCP binding sites that act cooperatively to recruit
SCFSlimb/b-TRCP.
Introduction
The Hh family of secreted proteins governs cell growth
and patterning in animal development (Ingham and
McMahon, 2001). Consistent with its important role in
development, deregulation of Hh pathway activity has
been implicated in many human disorders including
cancer (Taipale and Beachy, 2001; Villavicencio et al.,
2000). In Drosophila, Hh exerts its biological influence
via a complex signal transduction cascade that culmi-
nates in the activation of the latent Gli family of Zn finger
transcription factor Cubitus interruptus (Ci) (Ingham and
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(Ci155) undergoes proteolytic processing to generate
a C-terminally truncated form (Ci75) that functions as
a repressor to block the expression of Hh-responsive
genes such as dpp as well as hh itself (Aza-Blanc
et al., 1997; Dominguez et al., 1996; Methot and Basler,
1999). Ci processing requires its extensive phosphoryla-
tion by several Ser/Thr kinases including protein kinase
A (PKA), glycogen synthase kinase 3 (GSK3), and casein
kinase I (CKI) family members (Chen et al., 1999b; Jia
et al., 2002; Price and Kalderon, 1999, 2002; Wang
et al., 1999). These kinases phosphorylate multiple
Ser/Thr residues in the C-terminal half of Ci, leading to
hyperphosphorylation of Ci, which is required for its pro-
teolytic processing (Jia et al., 2002; Price and Kalderon,
2002).
How hyperphosphorylation promotes Ci processing
is not known, but the F-box/WD40 repeat containing
protein Slimb, the Drosophila ortholog of b-TRCP, is re-
quired (Jiang and Struhl, 1998; Wang et al., 1999). F box
proteins are substrate recognition subunits of ‘‘SCF’’
complexes that constitute a large family of modular E3
ubiquitin ligases. SCF complexes contain core subunits
Skp1, Cullin (Cul), Roc1/Rbx1 RING finger protein, and
a variable F-box protein (Deshaies, 1999). An important
feature of SCF complexes is that they only bind phos-
phorylated substrates. Hence, the SCF complexes link
kinase-mediated regulation to ubiquitin/proteasome-
mediated proteolysis.
In addition to regulating the Hh pathway, Slimb/b-
TRCP also participates in several other important signal-
ing pathways, including Wnt and NF-kB pathways,
where it targets phosphorylated b-catenin and IkB for
ubiquitination, followed by proteasome-mediated deg-
radation (Hart et al., 1999; Kitagawa et al., 1999; Latres
et al., 1999; Spencer et al., 1999; Winston et al., 1999;
Yaron et al., 1998). These observations led to the hy-
pothesis that an SCFSlimb complex targets phosphory-
lated Ci for ubiquitination, followed by proteasome-
mediated processing to generate Ci75 (Jiang, 2002;
Lefers and Holmgren, 2002). Consistent with this model,
mutations in other components of the SCFSlimb complex
such as Cul1 and Roc1a abrogate Ci processing (Nour-
eddine et al., 2002; Ou et al., 2002). In addition, protea-
some inhibitors block Ci processing in cultured cl-8 cells
(Chen et al., 1999a). However, ubiquitination of Ci by
SCFSlimb and generation of Ci75 by selective proteolysis
through proteasomes have been difficult to demon-
strate. Comparison of the Slimb/b-TRCP binding motifs
in IkB, b-catenin, and other Slimb/b-TRCP substrates re-
veals a consensus sequence, DSGXXS, that is absent in
Ci, thereby casting some doubt on a direct role for
SCFSlimb in Ci processing (Price and Kalderon, 2002).
Although CKI has been implicated in Ci processing
(Price and Kalderon, 2002; J. Jia, B.W., and J. Jiang, un-
published observations), it is not known which CKI iso-
form(s) is involved. There are eight CKI isoforms or
CKI-related kinases in the Drosophila genome (see Fig-
ure S1A in the Supplemental Data available with this ar-
ticle online), of which the Drosophila CKIe, Double-time
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(A and B) A wild-type wing (A) or a wing containing a clone of cells
expressing a dominant-negative form of DBT/CKIe (DN-DBT) with
act>CD2>Gal4 (B). An anteriorly situated DN-DBT-expressing clone
induces duplication of wing tissues (arrow, B).
(C–C00) A late third instar wing disc expressing UAS-DN-DBT with
act>CD2>Gal4 was immunostained to show Ci155 accumulation
(detected by the Ci antibody 2A) and CD2 expression. DN-DBT-ex-
pressing clones were marked by the lack of CD2 expression. Ante-
rior DN-DBT-expressing cells accumulate high levels of Ci155 cell
autonomously (arrow). All the wing discs shown in this study are ori-
ented with anterior to the left and ventral at the top.
(D–D00) A wing disc expressing UAS-DN-DBT with act>CD2>Gal4
was immunostained to show Ci155 accumulation and dpp-lacZ ex-
pression. Anterior DN-DBT-expressing clones accumulate high lev-
els of Ci155 and ectopically express dpp-lacZ (arrows).
(E–G) Wing discs of the genotypes wild-type (E), dco3/dcole88 (F),
and dcoP103/dcole88 (G) were immunostained with Ci 2A antibody.
Ci155 was accumulated in A compartment cells of dcoP103/dcole88
wing disc but not in dco3/dcole88 wing disc.
(H–H00) High-magnification view of a wing disc containing dcole88
clones and immunostained to show Ci155 accumulation and CD2
expression. dcole88 clones are marked by the lack of CD2 staining
(arrow).(DBT)/Disc overgrowth (Dco), is the best characterized.
Loss-of-function mutations in dbt/dco affect circadian
rhythm and imaginal disc growth (Kloss et al., 1998; Zi-
lian et al., 1999). However, it remains unknown whether
DBT is involved in the Hh pathway. A recent study using
RNAi knockdown in cl-8 cells argued against the in-
volvement of DBT/CKIe in the Hh pathway (Lum et al.,
2003). Instead, this study revealed that the Drosophila
CKIa plays a negative role in the Hh pathway upstream
of Ci. However, the mechanism by which CKIa nega-
tively regulates the Hh pathway is not clear.
Here we explore the role of DBT/CKIe and CKIa in the
Hh pathway in developing Drosophila wings using ge-
netic mutations, dominant-negative kinase, and RNA in-
terference. We provide evidence that both DBT/CKIe
and CKIa participate in Ci processing. We show that
CKI phosphorylates Ci at both PKA-primed and GSK3-
primed sites. We demonstrate that CKI sites act cooper-
atively to promote Ci processing in vivo. Furthermore,
we show that CKI phosphorylation of Ci confers efficient
Slimb/b-TRCP binding. Remarkably, a Slimb recognition
motif found in b-catenin/Armadillo can substitute for
multiple CKI phosphorylation sites to promote Ci pro-
cessing and render Ci processing independent of CKI
activity.
Results
DBT/CKIe Is Required for Ci Processing
In an attempt to explore the role of DBT/CKIe in regulat-
ing the Wingless (Wg) pathway, we generated a kinase-
dead, dominant-negative form of DBT (DN-DBT) with a K
to R substitution at the ATP binding site (Peters et al.,
1999), and expressed it in wing discs using the
act>CD2>Gal4 driver (Pignoni et al., 1997). Unexpect-
edly, we found that anteriorly situated clones expressing
DN-DBT often induced wing duplications (Figure 1B),
a phenotype reminiscent of that caused by cos2 muta-
tions (Simpson and Grau, 1987). This suggests that
blocking DBT/CKIe activity may cause ectopic Hh path-
way activation. Indeed, anteriorly situated DN-DBT-
expressing cells accumulated high levels of Ci155 and
ectopically activated dpp-lacZ cell autonomously (Fig-
ures 1C–1C00 and 1D–1D00), suggesting that DN-DBT
blocks Ci processing.
To further investigate whether DBT/CKIe is involved in
Ci processing, we turned to DBT/CKIe mutants. Three
DBT/CKIe alleles were analyzed: dco3 is a hypomorphic
allele, dcoP103 is a strong allele, and dcole88 is a null allele
of dbt/dco (Zilian et al., 1999). As shown in Figure 1, Ci
processing appears to be normal in dco3/dcole88 wing
discs (Figure 1F), although such discs exhibit an over-
grown phenotype (compare Figure 1F with Figure 1E),
which is characteristic of dco3 mutation (Zilian et al.,
1999). In contrast, Ci155 is elevated in A compartment
cells distant from the A/P boundary in dcop103/dcole88
wing discs (Figure 1G), suggesting that Ci processing
(I–I00) High-magnification view of a wing disc containing dcole88
clones generated with a wing-specific flipase (MS1096/UAS-FLP)
and immunostained to show Ci155 accumulation and dpp-lacZ ex-
pression. Anterior dcole88 cells marked by the lack of CD2 expres-
sion (not shown) accumulate Ci155 but fail to activate dpp-lacZ
(arrows).
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tion in DBT/CKIe activity.
dcole88 mutants die at late embryonic and early larval
stages, and dcole88 clones have a growth deficit that
renders clones difficult to recover (Zilian et al., 1999).
To examine Ci processing in dcole88 mutant cells, we
generated dcole88 clones using FRT/FLP-mediated mi-
totic recombination in conjunction with the Minute tech-
nique (Morata and Ripoll, 1975), which gave dcole88 cells
a growth advantage over neighboring dco+ Minute cells.
Under such conditions, several dcole88 mutant clones
were recovered and accumulated high levels of Ci155
cell autonomously (Figures 1H–1H00). These results dem-
onstrate that DBT/CKIe is required for Ci processing.
To further increase the frequency of obtaining wing
discs with dcole88 mutant clones, we used a wing-
specific Gal4 driver MS1096 to express a UAS-FLP as
a stable source of Flipase to induce dcole88 mutant
clones in Minute background. Under this condition, the
majority of cells in the wing pouch region are homozy-
gous for dcole88 mutation as judged by the loss of ex-
pression of a marker gene (data not shown); however,
dcole88 mutant cells distant to the A/P boundary failed
to activate dpp-lacZ even though they accumulated
high levels of Ci155 (Figures 1I–1I00).
CKIa Acts in Conjunction with DBT/CKIe to Promote
Ci Processing
Ci155 accumulation in dcoP103/dcole88 or dcole88/dcole88
cells appears to be less extensive as compared to that in
DN-DBT-expressing cells. In addition, dpp-lacZ is not
ectopically expressed in dco mutant cells (Figures 1I–
1I00), suggesting that Ci processing may not be com-
pletely blocked in dco mutant cells. One explanation is
that another CKI isoform(s), whose ability to phosphory-
late Ci is affected by DN-DBT overexpression, could
partially compensate for the loss of DBT/CKIe in dco
mutant cells. A recent observation that RNAi knockdown
of Drosophila CKIa caused elevation of basal Hh path-
way activity in cl-8 cells prompted us to examine
whether CKIa is also involved in Ci processing. As no
CKIa mutations were available, we decided to use the
heritable RNAi technique to inactivate CKIa in vivo (Ka-
lidas and Smith, 2002; Kennerdell and Carthew, 2000).
We generated two CKIa RNAi constructs that produce
hairpin-loop double-stranded RNA (dsRNA) corre-
sponding to the coding region of CKIa kinase domain:
a longer (CRL) form and a shorter (CRS) form targeting
CKIa coding sequence for amino acids 11–337 and
153–337, respectively. To determine the efficiency and
specificity of these RNAi constructs, we expressed
them together with a Flag (Fg)-tagged Drosophila CKIa
or DBT kinase domain (CKIeKD) using the MS1096
Gal4 driver (Capdevila and Guerrero, 1994). As shown
in Figure 2, CRL knocked down coexpressed Fg-CKIa
efficiently (compare Figure 2I with Figure 2H). CRS
also knocked down coexpressed Fg-CKIa, but less effi-
ciently as compared with CRL (Figure 2J). CRL knocked
down coexpressed CKIeKD (compare Figure 2F with
Figure 2E). In contrast, CRS did not significantly affect
the levels of coexpressed CKIeKD (compare Figure 2G
with Figure 2E), consistent with a previous observation
that expressing dsRNA targeting a region similar tothat of CRS specifically knocked down CKIa but not
CKIe in S2 cells (Yanagawa et al., 2002). As compared
with CRS, the sequence targeted by CRL extends
more toward the 50 end of the CKIa coding region and in-
cludes a 30-nucleotide contiguous sequence shared be-
tween CKIa and DBT/CKIe (Figure S1B), which could ex-
plain why CRL also knocked down DBT/CKIe.
Expression of CRL in wing discs using MS1096
caused a marked accumulation of Ci155 in most A
compartment cells (Figure 2B). In addition, CRL caused
ectopic dpp-lacZ expression in A compartment cells
(Figure 2B0). The ectopic dpp-lacZ expression is re-
stricted to the anterior-dorsal cells due to a higher level
of MS1096 expression in these cells. In contrast, CRS
only caused modest accumulation of Ci155 in A com-
partment cells without inducing ectopic dpp expression
(Figures 2C and 2C0). Increasing the copy number of
CRS only slightly increased the levels of accumulated
Ci155 but still failed to induce ectopic dpp expression
(data not shown). Hence, knockdown of CKIa alone
only partially inhibits Ci processing, likely due to com-
pensatory activity of CKIe. Consistent with this, simulta-
neous knockdown of CKIa and CKIe by CRL causes
more complete blockage of Ci processing (compare Fig-
ures 2B and 2B0 with Figures 2C and 2C0). To further test
the genetic interaction between CKIa and CKIe, we ex-
pressed CRS in dco3/dcole88 wing discs. Although Ci
processing appears to be normal in dco3/dcole88 discs,
dco3/dcole88 discs expressing CRS accumulated high
levels of Ci155 and ectopically activated dpp-lacZ (Fig-
ures 2D–2D0), a phenotype similar to that caused by
CRL. Taken together, these results suggest that DBT/
CKIe and CKIa are semiredundant in promoting Ci pro-
cessing. In the absence of one isoform, the other iso-
form is capable of promoting Ci processing to a certain
extent; however, these two isoforms act additively or
cooperatively to provide an optimal dose of CKI activity
required for efficient Ci processing.
Coexpressing DBT/CKIe or CKIa rescued Ci process-
ing defects caused by expressing CRL or CRS (Figures
2K, 2K0, and 2L; Figures S2C and S2D), suggesting that
increasing the dose of one isoform can compensate
for loss of the other. Hence, Ci processing does not
seem to rely on specific activity associated with DBT/
CKIe or CKIa but rather depends on an optimal dose of
CKI activity contributed by both isoforms.
There are eight CKI family members in the Drosophila
genome (Figure S1A). To test whether other CKI iso-
forms can support Ci processing when CKIa is knocked
down, we generated UAS transgenes expressing
CG7094, CG12147, Gish/CKIg, and CG9962. Each CKI
isoform was tagged with a Flag epitope at its N-terminal
end, as was the case with CKIa and DBT/CKIe. Unlike
Fg-CKIa or Fg-CKIe, which completely suppressed the
accumulation of Ci155 caused by overexpressing CRS
(Figures S2C and S2D), coexpression of CG7094,
CG12127, or CG9962 with CRS failed to suppress
Ci155 accumulation (Figures S2E, S2H, and S2I), even
though these CKI isoforms share 50% or more sequence
identity with CKIa in their kinase domains (Figure S1A).
Coexpressing Gish/CKIg with CRS partially suppressed
Ci155 accumulation (Figures S2F and S2G), suggesting
that Gish could support Ci processing although it is
not as efficient as CKIa and DBT/CKIe. Consistent with
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(A–C0) A wild-type wing disc (A and A0) and wing discs expressing CKIa RNAi construct CRL (B and B0) or CRS (C and C0) with MS1096 were im-
munostained to show Ci155 accumulation and dpp-lacZ expression. High levels of CRL expression in anterior-dorsal cells result in Ci155 accu-
mulation and ectopic dpp-lacZ expression (arrows, B and B0). Cells expressing CRL at reduced levels accumulate Ci155 but do not ectopically
express dpp-lacZ (arrowheads, B and B0). Wing discs expressing CRS accumulated modest levels of Ci155 in a dorsal compartment of cells but
failed to ectopically activate dpp-lacZ (arrows, C and C0).
(D and D0) A dco3/dcole88 wing disc expressing CRS with MS1096 Gal4 was immunostained to show Ci155 accumulation and dpp-lacZ expres-
sion. dco3/dcole88 mutant cells expressing high levels of CRS accumulate Ci155 to high levels and ectopically express dpp-lacZ (arrows).
(E–G) Wing discs expressing DBT/CKIe kinase domain (CKIeKD) alone (E) or in conjunction with CRL (F) or CRS (G) with MS1096 were immuno-
stained with an anti-CKIe N terminus antibody.
(H–J) Wing discs expressing Flag-tagged CKIa (Fg-CKIa) alone (H) or together with either CRL (I) or CRS (J) were immunostained with an anti-Flag
antibody.
(K and K0) A wing disc coexpressing CRL and CKIeKD was immunostained to show Ci155 accumulation and dpp-lacZ expression. Ci155 accu-
mulation and ectopic dpp-lacZ expression induced by CRL was suppressed by CKIeKD (arrows).
(L) A wing disc coexpressing CRS and CKIeKD was immunostained to show Ci155 accumulation. Ci155 accumulation induced by CRS was sup-
pressed by CKIeKD (arrow).
(M–O) Wing discs expressing mC* alone (M) or in conjunction with DN-CKIe (N) or CRL (O) withMS1096were stained to show Ci155 accumulation.this, we found that coexpression of Gish/CKIg failed to
rescue Ci processing defect caused by overexpressing
CRL (data not shown).
To determine whether Gish/CKIg is normally involved
in Ci processing, we examined Ci155 in wing discs car-
rying gish (gishe01759 and gishKG03891) mutant clones or
gish dco3 double mutant clones. We did not observe sig-
nificant Ci155 accumulation in either gish singular or
gish dco double mutant cells (Figure S3). gish mutations
also failed to enhance Ci155 accumulation caused by
CRS (data not shown). These observations suggest
that Gish/CKIg plays little if any role in Ci processing.
CKI Acts Downstream of PKA
Ci processing also requires PKA (Chen et al., 1998,
1999b; Jiang and Struhl, 1998; Price and Kalderon,
1999; Wang et al., 1999). To determine the epistatic rela-
tionship between PKA and CKI, a constitutively active
form of a PKA catalytic subunit, mC*, was expressedin wing discs either alone or together with DN-DBT or
CRL. Consistent with previous observations (Price and
Kalderon, 2002; Wang et al., 1999), overexpression of
high levels of mC* in otherwise wild-type wing discs
caused a reduction in the levels of Ci155 near the A/P
boundary (Figure 2M). In contrast, coexpressing DN-
DBT or CRL with mC* resulted in Ci155 accumulation
at high levels in most of A compartment cells (Figures
2N and 2O), a phenotype similar to that caused by ex-
pressing DN-DBT or CRL alone. Hence, CKI appears to
act downstream of PKA to promote Ci processing.
CKI Phosphorylates Ci at Both PKA- and
GSK3-Primed Sites
The C-terminal half of Ci contains a total of five PKA con-
sensus sites (Figure 3A; Chen et al., 1998; Price and Kal-
deron, 1999; Wang et al., 1999), three of which precede
putative CKI sites of the following consensus: S/T-
P(23)XXS/T(0). When the S/T residue at the 23 position
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(A) A schematic drawing of Ci155. The Zn finger DNA binding domain
and dCBP binding domain are indicated as blue and red boxes, re-
spectively. The vertical bars indicate the five PKA consensus sites.
Sequence surrounding the first three PKA sites and its alignment
to the corresponding regions in Gli proteins are shown underneath.
PKA and GSK3 sites are color coded in red and green, respectively.
PKA- and GSK3-primed CKI sites are shown in blue and orange, re-
spectively.
(B) A list of phosphorylation-deficient Ci mutants with correspond-
ing amino acid substitutions is indicated.
(C) PKA-primed phosphorylation of Ci by CKI. GST-Ci fusion pro-
teins containing wild-type (CiWT, lanes 1–3) or mutant (CiSA16) Ci frag-
ment (amino acids 812–908) were incubated with recombinant PKAc
or CKId in the presence of g-32P-ATP, or treated with CKId in the
presence of g-32P-ATP and PKA inhibitor PKI following a prior incu-
bation with PKA in the presence of unlabeled ATP (indicated by an
asterisk).
(D) GSK3-primed phosphorylation of Ci by CKI at S855. GST-Ci fusion
proteins containing wild-type or mutant Ci fragments from amino
acids 846–869 were either treated with PKAc alone (lanes 5 and 6)
or with PKAc and GSK3b in the presence of cold ATP, followed by
incubation with CKId in the presence of g-32P-ATP, PKI, and GSK3
inhibitor LiCl (lanes 1–4).
(E) Late third instar wild-type (WT) wing discs (lanes 1, 2, and 5) or
wing discs expressing CRL withMS1096 (lanes 3 and 4) were treated
with (lanes 2–5) or without (lane 1) 50 mM MG132 and 12.5 nM OA,
separated on 7.5% SDS-PAGE, and Western blotted with anti-Ci
(2A) antibody, which recognizes Ci155. The numbers of discs used
for each lane are 15 for lanes 1, 2, and 5; 6 for lane 3; and 10 for
lane 4. Of note, fewer CRL-expressing discs were used, as they
are larger than wild-type discs and accumulate high levels of Ci155.
The open arrow indicates the position of fast-migrating, hypophos-
phorylated or unphosphorylated species of Ci155, whereas the filled
arrow indicates the slow-migrating, hyperphosphorylated Ci155.
Ci155 from CRL-expressing discs (lanes 3 and 4) exhibits increased
mobility as compared with that from wild-type discs (lanes 2 and 5).is phosphorylated by a priming kinase, the S/T at the
0 position becomes a CKI phosphorylation site
(Umphress et al., 1992). Examination of the Ci protein se-
quence revealed multiple potential CKI sites (S841, S844,
S859, S862, S895) next to the three PKA sites (S838, S856,
S892) (Figure 3A). Most of these CKI consensus sites
are conserved in Gli2 and Gli3 (Figure 3A). To determine
whether CKI can directly phosphorylate Ci, we carried
out in vitro kinase assays using purified GST-Ci fusion
proteins and recombinant kinases. Two GST-Ci fusion
proteins were used as substrates: one contains wild-
type sequence from amino acids 812–908 (GST-CiWT)
and the other contains the same region of Ci with five pu-
tative CKI sites mutated to Ala (GST-CiSA16) (Figure 3B).
As shown in Figure 3C, GST-CiWT was phosphorylated
efficiently by PKA (lane 1) but poorly by CKI (lane 2);
however, GST-CiWT became a better substrate for CKI
after PKA-primed phosphorylation (lane 3). In contrast,
GST-CiSA16 failed to be phosphorylated by CKI even af-
ter PKA-primed phosphorylation (lane 6), although it
was phosphorylated efficiently by PKA (lane 4).
Previous studies suggested that PKA phosphoryla-
tion at S856 and S892 primes GSK3 phosphorylation at
S852, S888, and S884 (Jia et al., 2002; Price and Kalderon,
2002). We noticed that GSK3 phosphorylation could
in turn prime CKI phosphorylation of Ci. For example,
GSK3 phosphorylation at S852 could prime CKI phos-
phorylation at S855 and subsequently at S858. To test
this, we generated several GST-Ci fusion proteins con-
taining Ci sequence from amino acids 846–869 with ei-
ther the wild-type sequence (CiWT) or mutations at puta-
tive CKI sites. CiSA34 has S859 and S862, Ci
SA34C has S855,
S859, and S862, and Ci
SA34G has S852, S859, and S862
substituted to Ala, respectively (Figure 3B). As expected,
CiWT was efficiently phosphorylated by CKI after PKA-
primed phosphorylation, and S to A mutation at S859
and S862 (Ci
SA34) abolished PKA-primed CKI phosphory-
lation (Figure 3D, lanes 5 and 6). However, CiSA34 was still
phosphorylated by CKI if it was treated with both PKA
and GSK3, suggesting a GSK3-primed CKI phosphoryla-
tion at sites other than S859 and S862 (Figure 3D, lane 2).
Indeed, further mutation at S855 (Ci
SA34C) or S852 (Ci
SA34G)
abolished GSK3-primed phosphorylation (Figure 3D,
lanes 3 and 4), suggesting that GSK3 phosphorylation
at S852 can prime CKI phosphorylation at S855.
Phosphorylation of Ci by CKI In Vivo
To determine whether CKI is required for Ci phosphory-
lated in vivo, we examined Ci phosphorylation status in
wing discs expressing CRL that knocks down both CKIa
and DBT/CKIe. Previous studies showed that treating
cl-8 cells with both a proteasome inhibitor, MG132,
and a phosphatase inhibitor, okadaic acid (OA), resulted
in accumulation of hyperphosphorylated forms of Ci155,
which exhibits reduced electrophoretic mobility on SDS
polyacrylamide gels (Chen et al., 1999a; Jia et al., 2002).
Consistent with this, we found that Ci155 from wild-type
wing discs treated with MG132 and OA exhibited a mo-
bility shift (Figure 3E, compare lanes 2 and 5 with lane 1),
which is indicative of hyperphosphorylation. In contrast,
the majority of Ci155 from CRL-expressing wing discs
exhibited increased mobility (Figure 3E, lanes 3 and 4),
suggesting that Ci phosphorylation is compromised
when both CKIa and DBT/CKIe are knocked down.
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fects Ci Processing
Late third instar wing discs bearing smo3
clones and expressing HA-tagged wild-
type or CKI site-deficient forms of Ci with
MS1096 were stained to show the expression
of hh-lacZ (red) and CD2 (green). smo3 clones
were marked by the lack of CD2 expression. P
compartment smo3 cells expressing HA-Ci
block hh-lacZ expression (A and A0). P com-
partment smo3 clones expressing HA-CiSA34
(C and C0), HA-CiSA56 (D and D0), HA-CiSA36
(E and E0), or HA-CiSA855 (I and I0) partially in-
hibit hh-lacZ expression. P compartment
smo3 clones expressing HA-CiSA16 (F and
F0), HA-CiSA34G (G and G0), or HA-CiSA34C (H
and H0) fail to inhibit hh-lacZ expression. P
compartment smo3 cells expressing HA-Ci
and CRL fail to block hh-lacZ expression
(J and J0).CKI Sites Act Cooperatively to Promote
Ci Processing
If CKI promotes Ci processing by direct phosphoryla-
tion, one would expect that mutating CKI sites on Ci
should affect Ci processing. To test this, we generated
a series of Ci mutants that carry S to A substitution in dif-
ferent combinations of CKI sites (Figure 3B). The pro-
cessing of Ci mutants was assessed using an in vivo
functional assay, in which wild-type or mutant forms of
Ci were misexpressed in the posterior (P) compartment
of wing discs carrying smo mutant clones and hh-lacZ
reporter gene. As shown in Figure 4 and consistent
with previous observations (Jia et al., 2002; Methot
and Basler, 1999), P compartment smo mutant cells
expressing an HA-tagged wild-type Ci (HA-Ci) blocked
hh-lacZ expression (Figures 4A and 4A0), indicating
that HA-Ci is processed to generate Ci75. In contrast,
P compartment smo mutant cells expressing HA-
CiSA16, which has five PKA-primed CKI sites mutated
to Ala, failed to suppress hh-lacZ expression (Figures
4F and 4F0), suggesting that HA-CiSA16 is no longer pro-
cessed to produce Ci75.
We next asked whether CKI sites in individual phos-
phorylation clusters act cooperatively to promote Ci
processing. Strikingly, mutating CKI sites in cluster 1
(HA-CiSA12) completely blocked Ci processing, as P
compartment smo mutant cells expressing HA-CiSA12did not exhibit any inhibition of hh-lacZ expression (Fig-
ures 4B and 4B0). Mutating PKA-primed CKI sites in clus-
ters 2 or 3 impaired Ci processing, as P compartment
smo mutant cells expressing HA-CiSA34 or HA-CiSA56
only partially suppressed hh-lacZ expression (Figures
4C, 4C0, 4D, and 4D0). Mutating PKA-primed CKI
sites in both clusters 2 and 3 (HA-CiSA36) resulted in a
more complete blockage of Ci processing (Figures 4E
and 4E0).
In contrast to cluster 1, both clusters 2 and 3 contain
PKA-primed GSK3 sites (Figure 3A; Jia et al., 2002; Price
and Kalderon, 2002). Furthermore, GSK3 phosphoryla-
tion of Ci can prime CKI phosphorylation at additional
sites (Figures 3A and 3D). PKA-primed GSK3 phosphor-
ylation and subsequent GSK3-primed CKI phosphoryla-
tion could partially compensate for the loss of PKA-
primed CKI phosphorylation, which may explain why
HA-CiSA34 and HA-CiSA56 can still be partially processed.
Consistent with this notion, mutating GSK3 sites in clus-
ter 2 or cluster 3 also resulted in partial blockage of Ci
processing (Jia et al., 2002). To further investigate the
functional relationship between PKA- and GSK3-primed
CKI sites, we focused on cluster 2 and generated three
additional Ci mutants: CiSA855 contains S to A substitu-
tion at the GSK3-primed CKI site, Ser855; Ci
SA34G muta-
tes both the GSK3 site and PKA-primed CKI sites; and
CiSA34C mutates both the PKA- and GSK3-primed CKI
Regulating Ci Processing by DBT/CKIe and CKIa
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(A) GST-Ci was phosphorylated by the indicated kinases and then incubated with in vitro translated 35S-labeled full-length Slimb. Slimb bound to
glutathione beads was precipitated by centrifugation and separated on SDS-PAGE, followed by autoradiography. The right panel is a protein gel
showing GST-Ci. The arrow indicates the full-length protein, whereas the asterisks indicate the breakdown products.
(B) GST-Ci was phosphorylated by PKA, GSK3, and CKI, and then incubated with in vitro translated 35S labeled full-length (FL), N-terminal do-
main (N), or WD40 repeats (WD) of Slimb. Phosphorylated GST-Ci pulled down the full-length and WD repeats of Slimb but not the N-terminal
Slimb fragment.
(C) GST, GST-CiWT, GST-Ci2PKA, and GST-CiSA16 were phosphorylated with PKA and CKI and then incubated with in vitro translated 35S-labeled
full-length Slimb. Bound Slimb was separated on SDS-PAGE, followed by autoradiography. The protein gel (right) indicates equal amounts of
individual GST fusion proteins were used.
(D) GST or GST-Ci fusion proteins containing the wild-type sequence (GST-CiWT) or the DSGXXS motif (GST-CiDSG) were phosphorylated by the
indicated kinases, and incubated with in vitro translated 35S-labeled full-length Slimb. GST-CiDSG but not GST-CiWT pulled down a significant
amount of Slimb after phosphorylation by PKA and GSK3.
(E) Alignment of the Slimb binding sites (boxed) present in Ik-Ba and b-catenin, with the consensus sequence shown underneath.
(F) Sequence of the three phosphorylated clusters in wild-type Ci (CiWT), CiDSG, CiDAG, and CiDSGX2.sites (Figure 3B). As shown in Figure 4, P compartment
smo mutant cells expressing HA-CiSA855 partially sup-
pressed hh-lacZ expression, suggesting that the
GSK3-primed CKI site is required for optimal Ci pro-
cessing (Figures 4I and 4I0). P compartment smo mutant
cells expressing HA-CiSA34G or HA-CiSA34C failed to sup-
press hh-lacZ expression (Figures 4G, 4G0, 4H, and 4H0),
indicating that these two mutant forms of Ci are no lon-
ger processed. These results demonstrate that PKA-
and GSK3-primed CKI sites in cluster 2 are both in-
volved in Ci processing. Phosphorylation at either set
of CKI sites can promote Ci processing to a certain ex-
tent; however, phosphorylation at both sets of sites is
required for optimal Ci processing. Hence, mutating all
the CKI sites in either cluster 1 or cluster 2 completely
abolished Ci processing, suggesting that these phos-
phorylation clusters act cooperatively to promote Ci
processing.
CKI Phosphorylation of Ci Confers
Slimb/b-TRCP Binding
To investigate how phosphorylation promotes Ci pro-
cessing, we examined whether the F-box protein Slimb
directly binds Ci after it is phosphorylated by multiplekinases. Bacterially expressed GST-Ci fusion protein
containing Ci sequence from amino acids 812–908 was
phosphorylated in vitro by individual or different com-
binations of kinases, and phosphorylated GST-Ci fu-
sion protein was incubated with in vitro translated
35S-labeled Slimb. After extensive washing, Slimb
bound to GST-Ci loaded on glutathione beads was re-
covered by centrifugation, and separated on SDS-
PAGE, followed by autoradiography. As shown in Figure
5A, GST-Ci did not bind or bound poorly to Slimb after
treatment by single kinase (lanes 1–4). In contrast,
GST-Ci efficiently pulled down Slimb after being phos-
phorylated by PKA, GSK3, and CKI (lane 7). PKA and
CKI doubly phosphorylated GST-Ci also bound Slimb
efficiently in vitro, whereas PKA and GSK3 doubly phos-
phorylated GST-Ci bound Slimb less efficiently (Figure
5A, lanes 5 and 6). Mutating three PKA sites (S838A,
S856A, and S892A) or PKA-primed CKI sites in GST-Ci
diminished Slimb binding (Figure 5C). The C-terminal re-
gion of Slimb (amino acids 188–510) containing the
WD40 repeats binds phosphorylated GST-Ci, whereas
the N-terminal region (amino acids 1–187) including the
F-box does not (Figure 5B), suggesting that Slimb binds
phosphorylated Ci through its WD40 repeats.
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Late third instar wing discs bearing smo3
clones and expressing HA-CiDSG (A and B0),
HA-CiDAG (D and D0), or HA-CiDSGX2 (C and C0)
with MS1096 were immunostained to show
the expression of hh-lacZ (red) and CD2
(green). smo3 clones were marked by the lack
of CD2 expression. P compartment smo3 cells
expressing HA-CiDSG (arrows, A, A0, B, and B0)
or HA-CiDSGX2 (arrows, C and C0) blocked hh-
lacZ expression. In contrast, P compartment
smo3cells expressing HA-CiDAG failed to inhibit
hh-lacZ expression (arrows, D and D0). P com-
partment smo3 cells expressing HA-CiDSGX2 no
longer inhibited hh-lacZ expression when PKA
activity was blocked by coexpressing R* (ar-
rows, E and E0). P compartment smo3 cells ex-
pressing HA-CiDSGX2 still inhibited hh-lacZ ex-
pression when CKI activity was blocked by
coexpressing CRL (arrows, F and F0).CKI-Independent Ci Processing Conferred
by a Slimb/b-TRCP Recognition Motif from b-Catenin
If hyperphosphorylation promotes Ci processing by di-
rectly recruiting SCFSlimb, one would expect that multi-
ple phosphorylation clusters in Ci could be functionally
replaced by a Slimb recognition motif found in other
Slimb/b-TRCP substrates. To test this, we generated
a Ci variant, CiDSG, which contains a single DSGXXS mo-
tif present in b-catenin (Figure 5E). In CiDSG, the PKA site
in clusters 1 and 3 were mutated to Ala to prevent any
phosphorylation of these two clusters, and cluster 2 is
converted to the DSGXXS motif. To ensure proper phos-
phorylation at the DSG motif, we engineered a PKA site
C-terminal to it so that PKA phosphorylation should
prime sequential GSK3 phosphorylation at the DSGXXS
motif (Figure 5F). As a control, we generated CiDAG, in
which the Ser in DSG was mutated in Ala. In an in vitro
binding assay, we found that GST-Ci fusion protein con-
taining the DSGXXS motif (GST-CiDSG) efficiently pulled
down Slimb after it was phosphorylated by PKA and
GSK3 (Figure 5D). Hence, in contrast to the wild-type
Ci, which requires CKI phosphorylation to bind Slimb,
CiDSG appears to bypass the requirement for CKI to
bind Slimb.
To access whether CiDSG can be processed to gen-
erate Ci75 in vivo, HA-CiDSG or HA-CiDAG was misex-
pressed in wing discs carrying smo mutant clones. As
shown in Figure 6, P compartment smo mutant cells ex-
pressing HA-CiDSG suppressed the expression of hh-
lacZ (Figures 6A, 6A0, 6B, and 6B0). In contrast, P com-
partment smo mutant cells expressing HA-CiDAG failed
to do so (Figures 6D and 6D0). These results suggest
that HA-CiDSG can be processed in vivo and its process-
ing critically relies on phosphorylation at the DSG motif.
Of note, processing of HA-CiDSG appears to be less ro-
bust than HA-CiWT, as suppression of hh-lacZ expres-
sion in P compartment smo mutant cells expressing
HA-CiDSG is less complete as compared with HA-CiWT
(compare Figures 6A and 6A0 with Figures 4A and 4A0).
We also generated CiDSGX2 in which both phosphory-
lation clusters 2 and 3 were converted to the DSGXXSmotif, whereas cluster 1 was crippled by mutating the
PKA site to Ala (Figure 5F). We found that HA-CiDSGX2
was also processed in vivo (Figure 6C). By examining
hh-lacZ expression in many P compartment smo3
clones expressing HA-CiDSG or HA-CiDSGX2, we found
that in vivo processing of HA-CiDSGX2 is slightly more ef-
ficient than that of HA-CiDSG (data not shown).
If the role of CKI in Ci processing is to create SCFSlimb
docking sites by phosphorylating Ci, one would expect
that processing of Ci variants carrying the DSGXXS mo-
tif should bypass the requirement of CKI, as binding of
CiDSG to Slimb appears to be independent of CKI phos-
phorylation (Figure 5D). As shown in Figures 6F and 6F0,
P compartment smo3 cells expressing HA-CiDSGx2 in-
hibited hh-lacZ expression even when CKI activity was
blocked by coexpressing CRL in the same cells. In con-
trast, P compartment smo3 cells expressing HA-CiWT
and CRL failed to suppress hh-lacZ expression (Figures
4J and 4J0). On the other hand, HA-CiDSGx2 was no longer
processed when PKA activity was blocked by coex-
pressing R* (Figures 6E and 6E0), consistent with the ob-
servation that HA-CiDSG binding to Slimb depends on
PKA phosphorylation (Figure 5D). Taken together, these
results demonstrate that substitution of multiple phos-
phorylation clusters with the DSGXXS motif renders Ci
processing independent of CKI.
Discussion
Regulation of Ci/Gli processing is a key regulatory step in
the Hh signal transduction pathway; however, the under-
lying mechanism is still not fully understood. In this
study, we provide evidence that two CKI isoforms,
DBT/CKIe and CKIa, act additively to promote Ci pro-
cessing. We found that CKI phosphorylates multiple
Ser residues arranged in three clusters in the C-terminal
half of Ci, and that CKI can phosphorylate sites primed by
PKA or GSK3 phosphorylation. In addition, we showed
that DBT/CKIe and CKIa are required for Ci phosphoryla-
tion in vivo. We demonstrated that CKI sites in different
phosphorylation clusters act cooperatively to promote
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Slimb/b-TRCP directly binds CKI-phosphorylated Ci
through its WD40 repeats. Finally, we demonstrated
that substitution of multiple CKI sites with a Slimb/
b-TRCP binding motif found in b-catenin renders Ci pro-
cessing independent of CKI. Based on these and other
observations, we propose that PKA- and GSK3-primed
CKI phosphorylation of Ci creates docking sites for
Slimb/b-TRCP that recruit SCFSlimb/b-TRCP to regulate Ci
processing (Figure 7).
Ci Processing Requires Optimal CKI Activity
Contributed by Both DBT/CKIe and CKIa
In this study, we employed dominant-negative kinase,
genetic mutations, and heritable RNAi knockdown to in-
vestigate the role of two CKI isoforms in Ci processing in
vivo. We found that overexpression of a dominant-
negative DBT/CKIe (DN-DBT) caused cell-autonomous
accumulation of Ci155 and ectopic dpp expression,
suggesting that interference with DBT/CKIe activity im-
pairs Ci processing. As a further support, we found
that A compartment dbt/dco mutant cells accumulate
high levels of Ci155. The phenotypes associated with
dbt/dco mutations differ depending on the alleles
used. The hypomorphic allele, dco3, does not seem to
affect Ci processing, although it does affect cell growth
and proliferation. By contrast, more severe alleles, in-
cluding dcoP103 and dcole88, affect Ci processing. The
lack of Hh-related phenotypes associated with the
weak allele of dbt/dco is likely due to compensation by
other CKI isoforms (see below). This may explain why
RNAi knockdown of DBT/CKIe does not affect Hh signal-
ing in cultured cells, as RNAi knockdown usually does
not completely eliminate the function of the targeted
genes, and hence often resembles hypomorphic genetic
mutations. Alternatively, other CKI isoforms might be
expressed in cultured cells at higher levels than in imag-
inal discs, so that they can compensate for the complete
loss of DBT/CKIe in cultured cells.
To investigate the role of CKIa in Ci processing, we em-
ployed the heritable RNAi approach and generated two
Figure 7. A Model for Ci Processing
The full-length activator form of Ci (Ci155) is phosphorylated at
multiple sites in its C-terminal half by PKA, which primes its further
phosphorylation by GSK3 and CKI (CKIa and CKIe). GSK3 phosphor-
ylation can prime Ci for further phosphorylation by CKI. Sequential
phosphorylation by these three kinases creates three phosphoryla-
tion clusters that function as docking sites to recruit SCFSlimb, fol-
lowed by proteasome-mediated proteolytic processing to generate a
C-terminally truncated repressor form of Ci (Ci75). See text for detail.CKIa RNAi constructs: CRS and CRL. CRL knocks
down CKIa more effectively than CRS, likely due to its
larger targeting sequence; however, it also knocks
down DBT/CKIe. In contrast, CRS appears to be more
specific for CKIa. Expressing CRL in wing discs induced
high levels of Ci155 accumulation and ectopic dpp ex-
pression. In contrast, expressing CRS only resulted in
a modest increase in Ci155 without inducing ectopic
dpp expression. However, expressing CRS in DBT/
CKIe hypomorphic (dco3/dcole88) wing discs completely
blocked Ci processing, as evident by the accumulation
of high levels of Ci155 and ectopic dpp expression in
these discs. These data suggest that CKIa and CKIe
play partially redundant roles in Ci processing, and that
they act additively to provide optimal CKI kinase activity
required for efficient Ci phosphorylation and processing.
Consistent with this notion, CKIa and CKIe bind equally
well to Cos2 (Zhang et al., 2005). This is in contrast to
what has been proposed for the Wnt pathway, where
CKIe and CKIa appear to play opposing roles and act
on distinct protein substrates (Liu et al., 2002; Peters
et al., 1999). As CKI sites are conserved in Gli proteins
(Figure 3A), it awaits to be determined whether CKIe or
CKIa or both are involved in Gli regulation.
In Vivo Cooperativity among Multiple CKI
Phosphorylation Sites
Using an in vitro kinase assay, we uncovered two types
of CKI phosphorylation events: one primed by PKA and
the other by GSK3 phosphorylation (Figure 3D). CKI
phosphorylation sites are arranged in three clusters
(Figure 3A). Whereas cluster 1 only contains PKA-
primed CKI sites, both cluster 2 and 3 contain PKA-
and GSK3-primed CKI sites. Using an in vivo functional
assay, we demonstrated that both PKA- and GSK3-
primed CKI sites are involved in Ci processing. For ex-
ample, the two types of CKI sites in cluster 2 appear to
have overlapping function, as mutations in either one
only partially blocked Ci processing, whereas mutations
in both completely blocked Ci processing (Figure 4).
CKI sites in different phosphorylation clusters appear
to act cooperatively to promote Ci processing. Strik-
ingly, mutating the two CKI sites in cluster 1 (CiSA12)
completely abolished Ci processing (Figures 4B and
4B0). Similarly, mutating all the CKI sites in cluster 2
also abolished Ci processing (Figures 4H and 4H0). We
also observed a dosage-sensitive interaction between
two phosphorylation clusters. For example, partial loss
of function of both cluster 2 and cluster 3 nearly abol-
ished Ci processing (Figures 4E and 4E0). Based on
these and other observations, we propose that each
phosphorylation cluster acts as a functional module,
and Ci processing requires cooperative action among
the three modules.
CKI Phosphorylation of Ci Recruits Slimb/b-TRCP
Ci lacks the canonical Slimb/b-TRCP binding motif
(DSGXXS) found in other SCFSlimb/b-TRCP substrates
such as b-catenin and Ik-B, inviting speculation that
Ci phosphorylation could recruit a protein(s) other
than Slimb/b-TRCP and that the involvement of
SCFSlimb/b-TRCP in Ci processing could be indirect
(Price and Kalderon, 2002). In this study, we assessed
whether hyperphosphorylation of Ci directly recruits
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bound Slimb/b-TRCP efficiently after it was phosphory-
lated by CKI, following primed phosphorylation by the
otherkinases. Inaddition, bindingofGST-Ci toSlimbwas
compromised when a subset of CKI sites was mutated to
Ala. These observations support the hypothesis that
phosphorylation of Ci at CKI sites confers Slimb/b-TRCP
binding. The in vivo relevance of Slimb/b-TRCP binding
was demonstrated by our finding that a single canonical
Slimb/b-TRCP binding site can substitute for the three
phosphorylation clusters to promote Ci processing.
Strikingly, Ci variants bearing the DSGXXS motif can un-
dergo processing even when CKI activity is blocked.
These observations suggest that the major function of
CKI in Ci processing is to recruit SCFSlimb/b-TRCP by phos-
phorylating Ci at multiple Ser residues that function as
docking sites for Slimb/b-TRCP.
The recently solved crystal structure of the b-TRCP/
b-catenin phospho-peptide complex reveals that the
two phospho-Ser and the aspartate residues in the
DSGXXS motif make critical contacts with several basic
residues from the WD40 repeats of b-TRCP that form
a single substrate binding pocket (Wu et al., 2003). Al-
though none of the three phosphorylation clusters in Ci
contains a DSGXXS motif, they all contain related se-
quences. For example, cluster 1 contains DSQNSTAS,
cluster 2 contains SSQSS and SSQVSS, and cluster
3 contains SSQMS. We propose that these phospho-
Ser motifs represent low-affinity or suboptimal sites
for Slimb/b-TRCP recognition, and optimal binding of
Slimb/b-TRCP to Ci is achieved by cooperative binding
among multiple low-affinity sites. The high local concen-
tration of binding sites greatly increases the probability
of interaction so that Ci is unable to diffuse away from
Slimb/b-TRCP before rebinding occurs. Hence, Ci be-
comes kinetically trapped in close proximity to Slimb/
b-TRCP once the binding is engaged. Alternatively,
phosphorylation of Ci could recruit a cofactor that binds
cooperatively with Slimb/b-TRCP to hyperphosphory-
lated Ci. Both models can explain the observed high co-
operativity among multiple phosphorylation clusters in
Ci processing.
Biological Significance for Hyperphosphorylation-
Mediated Regulation
The ability to bind a single high-affinity site or multiple
low-affinity sites appears to be a general feature
for the SCF family of ubiquitin ligases. Another well-
characterized SCF complex, SCFCDC4, can bind certain
substrates such as Cyclin E through a single high-affinity
site and other substrates such as Sic1 through multiple
low-affinity sites (Nash et al., 2001; Orlicky et al., 2003).
In the case of Sic1, phosphorylation at multiple sites ap-
pears to set a threshold for kinase activity that converts
a smooth temporal gradient of kinase activity into
a switch-like response for degradation of Sic1 and onset
of S phase. In the case of Ci/Gli regulation, first, the re-
quirement for hyperphosphorylation may render Ci pro-
cessing highly dependent on the activity of individual
kinases and hence highly sensitive to Hh, as low levels
of Hh suffice to block Ci processing although such levels
of Hh may only cause a small reduction in Ci phosphor-
ylation levels. Second, cooperativity among multiple
phosphorylation sites may convert a smooth spatialHh activity gradient into a sharp response for Ci pro-
cessing, as a small drop in the level of Ci phosphoryla-
tion could result in a dramatic reduction in Ci processing
and hence the level of Ci75. Third, employing multiple
phosphorylation events may allow the levels of Ci phos-
phorylation to be fine-tuned by different thresholds of
Hh signaling activity, leading to differential regulation
of Ci processing and activity, as the activity of Ci155 ap-
pears to be regulated by phosphorylation independent
of its processing (Wang et al., 1999). Finally, employing
multiple kinases to regulate Ci/Gli may provide opportu-
nities for crosstalk between the Hh and other signaling
pathways in certain developmental contexts.
Experimental Procedures
Mutations and Transgenes
dco3, dcoP103, and dcole88 are the hypomorphic, strong, and null al-
leles of dco/dbt, respectively (Zilian et al., 1999). smo3 is a null allele
(Chen and Struhl, 1998). gishe01759 and gishKG03891 are strong alleles
of gish (Flybase). M(3)w124 is a Minute locus on 3R (Flybase). hsp-
flp1, hsp-CD2, MS1096, act>CD2>Gal4, UAS-mC*, dpp-lacZ, and
hh-lacZ have been described (Jiang and Struhl, 1995; Li et al.,
1995; Methot and Basler, 1999; Pignoni et al., 1997; Wang et al.,
1999). All the Ci variants containing point mutations described in Fig-
ures 3B and 5F were generated by PCR-based site-directed muta-
genesis and subcloned into the pUAST vector with two copies of
HA tags at their N-termini in the same way as described for the
wild-type HA-Ci (Wang et al., 1999). CRS has been described (Jia
et al., 2004). To construct CRL, a genomic DNA fragment with coding
sequence for CKIa amino acids 11–337 was cloned into pUAST with
the corresponding cDNA fragment inserted in a reverse orientation.
In DN-DBT/CKIe, K38 was substituted to R by PCR-based site-
directed mutagenesis. CKI isoforms were tagged with a Flag epitope
at their N-termini and subcloned into the pUAST vector. Genotypes
for generating clones are as follows. dcole88 clones: y w hsp-flp/+ or
Y; FRT82 dcole88/FRT82 hsp-CD2, y+ M(3)w124; or MS1096 UAS-
FLP; dpp-lacZ/+; FRT82 dcole88/FRT82 hsp-CD2, y+ M(3)w124.
gish clones: MS1096 UAS-FLP; FRT82 gishe01759 (or gishKG03891)/
FRT82 hsp-CD2, y+ M(3)w124. gish dco double clones: MS1096
UAS-FLP; FRT82 gishe01759 (or gishKG03891) dco3/FRT82 hsp-CD2,
y+ M(3)w124. smo clones expressing Ci variants: y MS1096 hsp-
flp1/ y w or Y; smo3 stc FRT39E/hsp-CD2, y+ FRT39E; UAS-CiX
(with UAS-R* or UAS-CRL)/hh-lacZ.
In Vitro Kinase Assay and GST Fusion Protein Pull-Down Assay
For the in vitro kinase assay, GST-Ci fusion proteins were expressed
in bacteria and purified using standard protocols, and were sub-
jected to a kinase assay with purified recombinant PKAc, GSK3b,
and CKId (New England Biolabs, Beverly, MA) according to the sup-
plier’s protocols. For the GST fusion protein pull-down assay, GST
fusion proteins (with or without prior phosphorylation) absorbed
on glutathione beads were washed with ice-cold PBS containing
1% Triton X-100 three times. In vitro translated 35S-labeled Slimb
proteins (full-length or deletion mutants) were then added and the
mixtures were incubated at 4ºC for 1 hr with occasional mixing. Pro-
teins bound to the beads were washed with PBS plus 1% Triton
X-100 five times before separation on SDS-PAGE. In vitro translation
was carried out using the TNT coupled reticulocyte lysate system
(Promega, Madison, WI).
Immunostaining of Imaginal Discs
Standard protocols for immunofluorescence staining of imaginal
discs were used (Jiang and Struhl, 1995). Antibodies used in this
study: rat anti-Ci, 2A (Motzny and Holmgren, 1995), rabbit anti-
bGal (Cappel, Aurora, OH), mouse anti-Flag, M2 (Sigma, St. Louis,
MO), and rabbit anti-CKIe (kindly provided by D.M. Virshup).
Supplemental Data
Supplemental data include three figures and can be found with this
article online at http://www.developmentalcell.com/cgi/content/
full/9/6/819/DC1/.
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